In vivo electron spin resonance (ESR) spectroscopy is a non-invasive technique that measures the oxidative stress in living experimental animals. The rate of decay of the ESR signal right after an injection of nitroxyl radical has been measured to evaluate the oxidative stress in animals, although the probe's disposition could also affect this rate. Since the amount of probes forming the redox pair, hydroxyl amine and its corresponding nitroxyl radical, was shown to be nearly constant in most organs or tissues 10 min after the injection of 1-acetoxy-3-carbamoyl-2,2,5,5-tetramethylpyrrolidine (ACP) in mice, we evaluated the oxidative stress of sepsis model mice induced by lipopolysaccharide (LPS) by intravenously injecting ACP as a precursor of redox probes. The in vivo ESR signal increased up to 7-8 min after the ACP injection and then decreased. Decay of the in vivo signal in LPS-treated mice was significantly slower than that in healthy mice, whereas no significant difference was observed in the rate of change in the total amount of redox probes in the blood and liver between these groups. ESR imaging showed that the in vivo signals observed at the chest and upper abdomen decayed slowly in LPS-treated mice. Suppression of the decay in LPS-treated mice was cancelled by the administration of either a combination of pegylated superoxide dismutase and catalase, an inhibitor of nitric oxide synthase, or gadolinium chloride. These results indicate that the LPS-treated mice is under oxidative stress, and that reactive oxygen species, such as superoxide and peroxynitrite, related to macrophages are mainly involved in the oxidative stress.
Introduction
In recent decades, studies have demonstrated that the excess production of reactive oxygen species (ROS), such as the superoxide anion radical (O 2
•-) and peroxinitrite (ONOO -), disrupts the redox balance between ROS generation and antioxidant defences in the body, which is known as oxidative stress [1] . This disruption is reportedly involved in the initiation and progression of many diseases including inflammation, cancer, arteriosclerosis, and diabetes [1, 2] . This finding implies that determining the region, time of occurrence, and origin of the in vivo redox imbalance may provide important information to elucidate the mechanisms related to these diseases and also the development of diagnosis, treatment, and prevention methods.
In vivo electron spin resonance (ESR) spectroscopy and imaging have been used to measure the redox status of live animals using paramagnetic redox probes [3] [4] [5] [6] .
Cyclic nitroxyl radicals, such as 3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy (CP), are commonly injected as redox probes because the loss of their paramagnetism corresponds to biological redox [7, 8] . The intensity of the in vivo ESR signal of CP rapidly decreased when the probe was intravenously injected and measured with an in vivo ESR spectrometer equipped with a volume-coil-type resonator. In this case, the redox of the probes was evaluated by comparing the rates of the signal decay just after the injection [9, 10] . However, in vivo decay of the ESR signals of these probes should be affected by their disposition, i.e., distribution and clearance, in addition to the redox of the probes in the body. When the intensity of the in vivo ESR signal of CP was topically measured at the skin with a surface-coil-type resonator, it increased up to 2-3 5 min after an intravenous injection of CP, which indicated that the distribution process of the probe into the skin was present right after the injection [11, 12] . Moreover, nitroxyl probes lose their paramagnetism by both reduction and oxidation [8, 13] . Thus, it should be noted that as long as nitroxyl probes such as CP are injected, the rate of ESR signal decay includes the pharmacokinetics of the probes besides the redox of the probes.
Hydroxylamines, one-electron reduced forms of nitroxyl radicals, were shown to be oxidized by oxidants, such as O 2
•-and ONOO -, to their corresponding paramagnetic nitroxyl radicals [14] [15] [16] . On the other hand, nitroxyl radicals are known to be reduced to their corresponding hydroxylamines by reductases and antioxidants such as ascorbic acid [17] [18] [19] [20] . Therefore, a distortion in the redox cycle of hydroxylamine/nitroxyl radical should reflect the in vivo redox status. Hydroxylamines are unstable in aqueous media because they are easily oxidized by dissolved oxygen. To prevent oxidation, acyl-protected hydroxylamine, 1-acetoxy-3-carbamoyl-2,2,5,5-tetramethylpyrrolidine (ACP ; Scheme1), was designed as a precurcer of redox probes [21] . Our previous study showed that ACP was quickly hydrolyzed to yield the hydroxylamine 1-hydroxy-3-carbamoyl-2,2,5,5-tetramethylpyrrolidine (CPH) in a mouse body, and that CPH and its oxidized form, CP, were distributed throughout the body within 10 minutes of the intravenous injection of ACP [22] . The total level of the redox probes, CPH and CP, was kept nearly constant in most organs or tissues for at least another 20 minutes.
Therefore, measuring fluctuations in the intensity of the in vivo CP signal 10 minutes after the injection of ACP should indicate redox of the probe where the effect of the 6 probe's disposition can be minimized.
In this study, we evaluated the oxidative stress with in vivo ESR spectroscopy and its imaging by injecting ACP as a precursor of redox probes. Sepsis mice induced by the administration of lipopolysaccharide (LPS) were employed as a redox disruption model because sepsis is well-known to be a systemic inflammatory response syndrome related to the generation of ROS and nitric oxide (NO) [23] [24] [25] . We demonstrated in live mice that the in vivo ROS production for sepsis model mice was elevated than that for healthy mice, and the generation of O 2 •-and ONOO -triggered by macrophages was related to oxidative stress.
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Materials and methods
Chemicals
LPS from Escherichia coli B55:05, N-nitro-L-arginine methyl ester (L-NAME), CP, and superoxide dismutase-polyethylene glycol, from bovine erythrocytes (PEG-SOD) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Potassium ferricyanide, catalase from bovine liver, and gadolinium chloride (GdCl 3 ) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
ACP was synthesized from CP by reduction with hydrazine monohydrate followed by acylation with acetic anhydride as previously reported [22] . The structure and purity of synthesized ACP were confirmed by 1 H-NMR and TLC, respectively. The product contained paramagnetic species at less than 0.1% as determined with X-band ESR. All other reagents were of the highest purity commercially available.
Animals
Male ddY mice (age 4 weeks, 14-16 g) were purchased from Kyudo Co., Ltd.
(Saga, Japan). They were housed in a temperature-and humidity-controlled room, fed a commercial diet (CLEA Japan, Inc., Tokyo, Japan), and water ad libitum until the experiments. Mice were fasted for 16 h, but allowed free access to water, and were 
In vivo ESR measurements
Mice were anesthetized with isoflurane, and the tail vein was cannulated for the ACP injection 
ESR imaging
Two-dimensional images of the CP signal distribution in mice were obtained using an L-band ESR imaging system (JEOL, Tokyo, Japan) as reported previously [26, 27] . Mice whose tail veins had been cannulated were placed in the loop-gap resonator reconstruction, and data analysis were performed with JEOL ESR-CT software (ver.
1.187).
Measurement of the amount of probes in the blood, liver, and urine
To measure the concentration of CP in the circulating blood, mice were anesthetized with isoflurane and injected with ACP. Blood was collected from the cavernous sinus at the back of the eye using a 100-µL disposable micropipette (Drumond Scientific Co., Broomall, PA) after the ACP injection. X-band ESR spectra of the samples were recorded just after the collection.
To measure the total amount of redox probes (CP+CPH), blood was collected from the heart using a heparinized syringe 40 min after the ACP injection under anesthesia with isoflurane, and mice were then euthanized by cervical dislocation. The liver was excised immediately after euthanasia, weighed, minced, and added to an ice-chilled 140 mmol/L KCl solution. Liver homogenate (25 % (w/v)) was prepared with a Teflon homogenizer. Urine was collected from the bladder using a syringe, and diluted to 5 mL with saline solution. Samples were one-electron oxidized by the addition of potassium ferricyanide at the final concentration of 2 mmol/L. The line width of CP signal broadened at higher concentration than it as described previously [22] . The total amount of redox probes was measured with an X-band ESR spectrometer.
X-band ESR measurement
The sample (17 µL) was taken in a 100-µL disposable micropipette and set in an ESR cavity. X-band ESR spectra were recorded with a JEOL JES-FR80 ESR spectrometer at 0.079 mT of 100 kHz field modulation. Manganese oxide was used as an external standard. The concentration of probes was estimated from the area of the double integrated signal of ESR. Aqueous solutions of CP were used for a calibration curve.
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Measurement of plasma TNF-α levels
Plasma TNF-α levels were determined using Mouse TNF-α ELISA KIT (AKMTN-011, Shibayagi, Gunma, Japan), following the manufacturer's protocol.
Statistical analysis
The data shown in the graph are presented as the mean ± standard deviation.
The data were analyzed using the Student's t test or the single-factor ANOVA followed by the Tukey-Kramer test. P < 0.05 was considered statistically significant.
Results
Suppression of the in vivo signal decay of CP in LPS-treated mice.
An aqueous solution of ACP was injected into LPS-treated and untreated mice (healthy mouse), and in vivo ESR signals were recorded from the chest to the upper abdomen. The sharp triplet signal of CP was observed after the injection (Fig. 1A) . The semi-logarithmic plot of the intensity of the CP signal against time showed that the signal intensity increased until 7-8 min and then started to decrease (Fig. 1B) . The decay for both LPS-treated and healthy mice followed first-order kinetics, and the decay for LPS-treated mice was slower than that for healthy mice. To compare the rate of the decay quantitatively, first-order reaction rate constants were calculated from the decay of the CP signal from 10 to 40 minutes after the ACP injection. The average rate of the signal decay for LPS-treated mice was only 10% of that for healthy mice, and this difference was significant with p < 0.001 (Fig. 1C) .
Although the concentration of CP in the circulating blood decayed following first-order kinetics (Fig. 1D ), no significant difference was observed between LPS-treated mice and healthy mice (Fig. 1E ). This result indicates that suppression of the signal decay of CP occurred in organs or tissues, but not in the circulating blood.
The region in which suppressing the decay of the CP signal occurred.
To examine the region in which suppressing the decay of CP signal occurred,
we analyzed the distribution of CP by the ESR imaging technique. Regardless of the LPS treatment, the signal intensity of CP from the chest to the upper abdomen was high 13 4 min after the ACP injection (Fig. 2) . The CP signal for healthy mice decreased with time, and only a small signal was detected at the chest 39 min after the ACP injection.
In contrast, CP signals at both the chest and upper abdomen of LPS-treated mice were nearly maintained at least until 39 min after the ACP injection. Because the lung and liver are large organs in the chest and upper abdomen, these images indicate that the decay of CP in these organs was slowed in LPS-treated mice. The concentration of total probes for LPS-treated mice was slightly higher than that for healthy mice in the blood and liver. The amount of redox probes excreted into the urine in LPS-treated mice was lower than that in healthy mice for 40 min after the ACP injection (Fig. 3C ). These findings indicate that the renal excretion of probes was slightly suppressed in LPS-treated mice.
Contribution of ROS and NO to the suppression of CP signal decay.
To examine the contribution of ROS and NO to suppressing the decay of the in vivo CP signal, either the combination of PEG-SOD and catalase or L-NAME, an inhibitor of NO synthetase, was administered to mice. As shown in Figures 4A and B, both administrations dose-dependently cancelled the suppression of the in vivo signal decay in LPS-treated mice (p<0.05), although these did not affect the decay in healthy mice. These administrations did not affect the total amount of the redox probes in the blood, liver, or urine of LPS-treated mice, as estimated after measuring the rate of decay of the in vivo CP signal ( Fig. 4C-E) . These results indicate that the production of O 2
•-
and/or NO suppressed the decay of the in vivo CP signal.
Involvment of macrophages in the suppression of CP signal decay.
Because O 2 •-and NO are known to be generated by phagocytes in sepsis [28, 29] , the activity of macrophages in LPS-treated mice was examined by measuring 15 plasma TNF-α levels. The concentration of plasma TNF-α in LPS-treated mice and healthy ones were 391115 pg/mL and 8324 pg/mL, respectively (averageS.D., n=3).
The concentration for LPS-treated mice was markedly higher than that for healthy mice (p < 0.05 by Student's t test), which indicated that macrophages were activated in LPS-treated mice. Figure 5A shows the influence of the GdCl 3 treatment, an inhibitor of macrophages, on in vivo CP signal decay. The administration of GdCl 3 increased the rate of decay of the in vivo CP signal in LPS-treated mice (p<0.05), but did not in healthy mice. The administration of GdCl 3 did not affect the total amount of redox probes in the blood, liver, or urine of LPS-treated mice, as estimated after measuring the rate of decay of the in vivo CP signal (Fig. 5B) . These results indicate that macrophages are involved in suppressing the decay of the in vivo CP signal.
Discussion
In this study, we injected ACP into mice as a precursor of redox probes and found that the rate of decay of the in vivo CP signal observed after the ACP injection was related to the redox of the probes. By comparing the rate of decay between LPS-treated and healthy mice, we demonstrated that LPS-treated mice was under oxidative stress related to the production of ROS, such as superoxide and peroxinitrite, which are likely mediated by macrophages.
In the present study, the in vivo CP signal increased after the ACP injection in healthy mice, and started to decrease 7-8 min after the injection. The appearance of the CP signal indicates that oxidation of CPH to CP also occurred in addition to reduction of CP to CPH. A previous study showed that the total amount of redox probes (CP+CPH) was nearly constant in every tissue except for the liver from 10 min to at least 30 min after the ACP injection [22] . Under such a constant level of total probes, the intensity of the in vivo CP signal should be determined by differences in the superiority of oxidation or reduction in the body; namely, differences in the redox balance. Hydroxylamine was shown to be oxidized to the nitroxyl radical in cultured cells and liver microsomes under aerobic conditions [30] [31] [32] whereas the nitroxyl radical was reduced to hydroxylamine by ascorbic acid [19, 20] and reductases in liver microsomes and mitchondria [17, 18] . These mechanisms may contribute to the redox reaction of the probes in healthy mice.
Decay of the in vivo CP signal in LPS-treated mice was slower than that in healthy mice. The rate of decay of the in vivo CP signal may be affected by a few mechanisms including biological redox and the disposition of redox probes. However, the difference in the rate of the signal decay should mainly reflect alterations in the redox reaction of the probes in LPS-treated mice for the following reasons; (i) There was no or a slight difference in the rate of change of total redox probes in the blood and liver between LPS-treated and healthy mice.
(ii) Suppressed decay of the in vivo CP signal in LPS-treated mice was cancelled by either the simultaneous administration of PEG-SOD and catalase or L-NAME, although these reagents did not affect the total amount of probes in the blood and liver. shown to induce ROS generation in endothelial cells [36, 37] . ROS are reportedly required for the expression of vascular cell adhesion molecule-1 in vascular endothelial cells [36] . Thus, the oxidative stress observed in the present study may be related to the generation of ROS and NO, which leads to the accumulation of neutrophils.
In this study, we demonstrated the production of ROS, such as O 2 •-and ONOO -at a particular time (4 h) after the LPS treatment. The ROS production may differ depending on the stage of sepsis. This method is non-invasive and, thus, is useful to examine how ROS production changes depend on the stage of sepsis. If the relationship between the stage of sepsis and ROS production is clarified, it will be of significant importance for the diagnosis and treatment of sepsis.
[ Each experiment repeated with another mouse showed similar results. 
